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ABSTRACT 












obtained for a particular porous material by performing pure gas flow 
experiments and a value for c
2 
can be obtained for the same material by 
performing Wicke-Kallenbach experiments. 
In this work, values for the dusty gas model parameters, for 
activated carbon, were obtained by performing the necessary experiments. 
The design and operation of the experimental equipment is presented along 
with the results obtained. The activated carbon pellets used in this 
study were unique in that they were not pressed into cylindrical shapes, 
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I. INTRODUCTION 
Mass transfer among gases in homoporous media can be described by 
the dusty gas model. The equations that describe the dusty gas model, as 
given by Horng (1) and Mason and Malinauskas (2) are: 
N m ysNr- Yr N p y p r + L s - - 'Vy - ~(1 )'VP 
De s:fr De RT r RT 
+ co 
De 
r rs llm r 
De C (RT)~ 
r 1 M 
r 
c2 Do De rs = C D rs p 2 rs 
For a binary system these equations become: 
+ 
p y 
- 'Vy - _!_(1 + co 
RT 1 RT 
p 
---)'VP 







where the subscripts 1 and 2 denote the two gas species. The three 
parameters co, c1 and c2 in the equations above depend only upon the 
porous medium. It is the purpose of this work to determine the value of 
these parameters for activated carbon samples. These values do not exist 
in the present literature and are needed in the continuing study to 
establish the pore diffusion dusty-gas model of gas-solid non-isothermal 
fixed bed adsorbtion (Liapis and Crosser (3)). 
2 
Using pure gases in gas flow experiments, values for the viscous 
permeability constant c
0 
and for the Knudsen permeability constant c
1 
can 
be determined. The dusty-gas equations for this particular system can be 
written as: 
1 c p 




Combining equations (5) and (7) and rearranging, the following equation 
is obtained. 
- M 
- (C + ~(--1 -)~C ) V'P 1 
1 11 1 RT 0 (RTM )~ 1 
(8) 
In these experiments, the mass flux N
1 





, Ar) is measured as a function of the pressure gradient VP across 





for the activated carbon samples can be determined. 
Using data from Wicke-Kallenbach experiments (4), along with the 
cl values as determined above, a value for the geometric factor for 
diffusion c
2 
can be determined for each of the activated carbon samples. 
During these experiments, the pressure gradient across the activated 
carbon samples is kept very small (less than 100 Pa) to ensure that the 
viscous flow term in equation (4) is negligible. In this case, the 













are given by equations (5) and (6) (C
1 
determined in gas 
flow experiments). Integrating equation (9), assuming one-dimensional 
3 






The parameter 9 1 is the Knudsen effusion ratio term and is given by the 
following expression. 
Ml 1 
1 - (--)~ (11) 
M2 
Hoogschagen (5) has established the second equality in expression (11). 
Using the data from Wicke-Kallenbach experiments, a value for the 
effective mutual gas diffusivity D~ 2 can be obtained from equation (10). 
Using this value and the known value for the free mutual gas diffusivity 
n
12 
a value for c
2 
for each of the activated carbon samples can be 
obtained. 







activated carbon samples can be determined by experimental measurements 




A. GAS FLOW EXPERIMENTS 
1. Equipment. Gas flow experiments may be performed to determine 
values for c0 and c 1 for the carbon samples. A flow chart of the 
apparatus used in these experiments is shown in Figure 1. 





) with each carbon sample. The gases were introduced 
into the system from a high pressure cylinder regulator. Delivery 
pressure of these gases (regulator output) was maintained between 5 psig 
and 15 psig. The gas then passed through a 1/4-inch stainless steel 
Nupro metering valve. This metering valve and a bleed valve, shown in 
Figure 1, were used to regulate the pressure on the upstream side of the 
carbon sample. This pressure was monitored with a cistern manometer, 
indicated in Figure 1, and the reading was taken as the pressure drop 
across the carbon sample. 
The sample chamber shown in Figure 1 is shown in detail in Figure 
2. This chamber was constructed from a brass, 3/8-inch Swagelok fitting. 
In order to support the 3/8-inch diameter carbon samples, the inside 
diameter of the fitting was enlarged. 0-rings were placed on either side 
of the sample to ensure that gas flowed through the sample and not around 
it. 
The activated carbon samples used in this study were originally 4X6 
mesh Chemviron activated carbon pellets of irregular shapes. The pellets 
were hand shaped to provide uniform cross -sectional areas. An epoxy 
resin, produced by DURO, was used to support the carbon samples in 
aluminum rings having a 3/8-inch outside diameter and a depth of 1/8-




























The exit gas flowrate was measured with a soap-bubble flowmeter 
constructed from a 1, 5, 10 or 50 ml pipet with a pipet bulb, filled with 
soap, attached to the bottom. All gas lines in this apparatus were 1/4-
inch nylon tubing. 
2. Experimental Procedure. The procedure discussed below was 
repeated several times for each carbon sample used in this study. 
The carbon sample was loaded into the sample chamber. The gas 
cylinder pressure regulator was adjusted until the delivery pressure was 
between 5 psig and 15 psig. The flow metering valve and the bleed valve 
were used to adjust the pressure drop across the carbon sample to the 
desired value, usually between 5 and 20 inches of mercury on the cistern 
manometer. The gas flowrate was obtained from a bubble flowmeter, using 
a stopwatch to measure the time required for a bubble to pass through a 
known volume of the flowmeter l Olumn. If the gas flowrate was too large 
to be measured with the bubble flowmeter within the system, then either 
the pressure drop was decreased or a larger bubble flowmeter was used. 
The system was usually at steady state after 10 minutes. 
For each experiment, the following data was recorded: the carbon 
sample number, the type of gas being used, the pressure drop across the 
carbon sample and the resulting gas flowrate as determined by use of the 
bubble flowmeter, and the temperature and pressure of the laboratory. 
This procedure was repeated using 2 or 3 different gas flowrates 
for each of the four gases. When changing to a new gas, the system was 
purged with the new gas for 15 minutes. 
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B. WICKE-KALLENBACH EXPERIMENTS 
1. Equipment. Wicke-Kallenbach experiments were performed to 
obtain the data necessary for the calculation of c
2 
for the activated 
carbon samples. The apparatus used in these experiments is shown in 
Figure 4. 
Nitrogen was introduced into the system on the left from a high 
pressure cylinder regulator, while the helium-nitrogen mixture (45% He 
by volume) was introduced on the right from a high pressure cylinder 
regulator. The left half of the apparatus consisting of the N
2 
cylinder 
and thermal conductivity cell number 2 (T.C.2) will be referred to as the 
reference side of the system. The other half of the system consisting of 
the He-N
2 
cylinder and thermal conductivity cell number 1 (T.C.1) will be 
referred to as the sample side of the system. 
The entering He-N
2 
mixture used in this study was prepared by 
Matheson and the composition of the mixture was determined by Matheson 
using mass spectrometer analysis. The composition of the exiting gases 
was measured using Gow-~1ac model 40-001 thermal conductivity cells, 
which were calibrated using primary standard gas mixtures, also prepared 
by Matheson. 
Delivery pressure of both entering gases was maintained between 5 
psig and 15 psig. Each gas then passed through a 1/4-inch stainless 
steel Nupro metering valve. The s e v a 1 v e s , 1 abe 11 e d V - 1 A and V - 1 B in 
Figure 4, were used to control the flowrate of the entering gases. These 
gas flowrates, which were monitored with a gas rotameter, were maintained 
at about 1.2 ml/min. 
After passing through one side of the respective thermal 
co ductiv±xy ~ell, ea<h gas passed through a series of valves. These 
10 
valves (V-2, V-3 for the reference side of the system; V-4, V-5, V-6 for 
the sample side) were used to isolate the sample chamber from the thermal 
conductivity cells while the bridge circuit in each thermal conductivity 
cell was being balanced. 
A Celesco P7D differential pressure transducer (6P cell), shown in 
Figure 4, was used to monitor the pressure difference across the carbon 
sample. This pressure difference was maintained at or near zero 
throughout the experiment by the use of valves V-1C and V-1D. These 
valves were identical to valves V-1A and V~1B. 
The exit gas flowrate for each side of the system was measured with 
a 1 ml soap-bubble flowmeter. All gas lines in this apparatus were 1/8 
or 1/4-inch nylon tubing. 
The sample chamber shown in Figure 4 is shown in detail in Figure 
5. The chamber was constructed from a brass cylinder with a diameter of 
1.5 inches and a length of 3 inches. The carbon sample was held between 
the two halves of the chamber using o-ring seals. Gas was introduced 
into the chamber through a 1/8-inch diameter stainless steel tube. The 
opening of this tube was placed about 1/16-inch from the face of the 
carbon sample. 
The circuitry for the Wicke-Kallenbach apparatus is shown in 
Figure 6. The total current passing through the system was controlled 
with a potentiometer located in the power supply, while the current 
delivered to each branch of the circuit was controlled with the 100 ohm 
potentiometers. During operation, the current delivered to each branch 
of the circuit was 65 mA. To balance the bridge circuits (T.C.1 and 
T.C.2) the potentiometers labelled ''zeroing potentiometer'' in Figure 6 
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Figure 4. Flow Chart for Wicke-Kallenbach Experiment Apparatus 
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were balanced before each experiment. All of the potentiometers and 
milliamp meters discussed above or shown in Figure 6 were located on the 
front of an instrument panel, presented in Figure 7. 
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Figure 7. Instrument panel for Wlcke-Kallenbar.h Apprtratus 
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2. Experimental Procedure. The following experimental procedure 
was repeated several times for each carbon sample used in this study. 
The discussion which follows refers to Figures 4-10. 
As discussed in the previous section, valves V-2, V-3, V-4, V-5 and 
V-6 were used to isolate the sample chamber from the thermal conductivity 
cells. To do so, valves V-2 and V-4 were closed, while valves V-3 and V-5 
were open. The two-way ball valve V-6 was positioned so that the gas was 
routed away from the sample chamber. This scheme, shown in Figure 8, was 
used whenever the bridge circuits were being balanced or whenever the 
carbon sample was being replaced with another sample. 
With the valves positioned as shown in Figure 8, both gas cylinders 
were opened. The flowrates were adjusted until the rotameter balls were 
at 20 on the rotameter scales, corresponding to a flowrate of about 1.2 
ml/min. After the bubble flowmeters indicated gas flowing through both 
sides of each thermal conductivity cell, the power supply was switched 
on. Using the main power supply knob, shown in Figure 7, the current was 
adjusted so that each branch of the system had about 65 rnA passing 
through it. The branch power supply knobs (100 ohm potentiometers) were 
then used as a fine adjustment to adjust the current to 65 rnA for each 
branch. The system was then left to rest for about 2 hours to allow the 
filaments in the thermal conductivity cells to reach a steady-state 
temperature. 
While the system was resting, the sample chamber was removed from 
the system and one carbon sample was inserted into the chamber. The 
position of the 1/8-inch stainless steel tubes was then adjusted so that 
each was 1/16-inch from the respective face of the carbon sample. Before 
placing the sample chamber back into the system, the ~p cell was zeroed 
17 
by opening it to the atmosphere, then the sample chamber was connected to 
the system and the ~p cell. Both pens of the Fisher series 5000 recorder 
(range: 0-lOOmV), shown in Figure 6 were zeroed by shorting the leads 
connected at posts 1 and 2 on the bridge circuits (shown in Figure 6) and 
using the zero adjustment of the recorder. Then, the leads were 
reconnected to the thermal conductivity cells. 
To flush the sample chamber, and the section of the system that was 
isolated from the thermal conductivity cells, valves V-2 and V-4 were 
opened and valve V-6 was switched so that the He-N
2 
mixture was flowing 
through the sample chamber. The system was left in this arrangement, 
shown in Figure 9, for about 5 minutes and then returned to the 
arrangement shown in Figure 8. 
Again, the system was left to rest to allow the thermal 
conductivity cell filaments to reach a steady-state temperature. This 
was determined by monitoring the output from the thermal conductivity 
cells on the recorder. After the output had become constant for 5 
minutes, it was assumed that the filaments had reached a steady-state 
temperature. The current flowing through each branch of the system was 
measured and if either differed from 65 rnA it was adjusted by using the 
respective branch power supply knob. The gas flowrates were also 
measured and if either differed from 1. 2 ml/min it was corrected by 
adjusting valve V-lA or valve V-lB. If the output from each thermal 
conductivity cell was still constant at this point, the zeroing knobs, 
shown in Figure 7, were used to move the recorder pens to zero. 
To introduce the concentration step change into the system, the 
valves labelled V-2 in Figures 8-10 were opened and valves V-3 were 
closed. Also, valve V-4 was opened, valve V-6 was switched to route the 
18 
He-N2 mixture to the sample chamber, and valve V-5 was closed. This 
arrangement of valves is shown in Figure 10. The speed and order in which 
this sequence was performed was important, for if the filaments were 
deprived of gas flow for any amount of time, the temperature of the 
filaments increased. If this happened, the system had to be left to rest 
for another 30-45 minutes to allow the filaments to reach a steady-state 
temperature. 
After the output of each thermal conductivity cell had become 
constant, the following data was recorded: the laboratory temperature 





); the flowrate of the exiting gas 









); and the output from the AP cell. Also recorded was the steady-





(mV)). As discussed in Appendix A, the thermal conductivity cell 
output was considered to be the steady-state output after it had become 
constant for 5 minutes. 
After the data were recorded, valves V-2 and V-4 were closed, 
valves V-3 and V-5 were opened, and valve V-6 was switched to route the 
He-N
2 
gas mixture away from the system and the old carbon sample was 
replaced with a new carbon sample. This procedure was repeated for each 
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Figure 8. Flows Used While Balancing Bridge Circuits ~ 
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Figure 10. Flows Used While Operating Wicke-Kallenbach Apparatus N ..... 
22 
III. RESULTS AND DISCUSSION 
A. GAS FLOW EXPERIHENTS 
1. Results. The dusty gas equation (equation (8)) for the gas flow 











for each carbon sample were 
determined graphically. For each data point, the term on the left side 





plotted as the abscissa. The slope of this line was the desired value of 
C . h d' . 
2 
0
, Wlt lmenslon em , and the intercept of the line was the desired 
value of c
1
, with dimension em. 
A sample of the calculations of the results to be discussed in this 
section, and a table of the data collected for carbon sample C2, appear 
in section III.A.2. and Table I respectively. The properties of all 
carbon samples appear in Appendix C, and the physical properties of all 
gases used in this study appear in Appendix D. 
The mass flux N
1 




The volume V was that which was displaced, during time t, by the bubble 
in the bubble flowmeter. The pressure and temperature, P and T 
respectively, were those of the laboratory at the time of the exp e riment, 
and the cross-sectional area A of the carbon sample is given in Appendix 
C. To calculate the pressure gradient VP across the carbon sample, the 
23 
pressure drop AP across the carbon sample (taken from the cistern 
manometer) was divided by the length L of the sample. The average 
pressure P across the carbon sample was calculated as the arithmetic 
average: 
~p 
p = p + ? (14) 
Equation (12) was then used to graphically determine values for c
0 
and 
c 1 . The results of these gas flow experiments for the carbon samples are 
presented in Table II. Presented in Table III i s a s ummary of the ga s 




values) for each carbon sample 
used in this study. 
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TABLE I 
GAS FLOW EXPERINENT DATA FOR CARBON SAMPLE C2 
v t AP 
Flow Volume Time Pressure Drop T p 
Gas (ml) (sec) (in Hg) (K) (mm Hg) 
He 5 9.05 15.0 295.8 739.4 
He 5 9.02 15.0 295.8 739.4 
He 5 9.05 15.0 295.8 739.4 
N2 5 10.9 14. 1 295.5 732.4 
N2 5 10.88 14.1 295.5 732.4 
N2 5 8.95 17.4 295.5 732.4 
N2 5 8.95 17.5 295.5 732.4 
C0
2 
10 31.14 10.76 295.7 737 . 9 
C0
2 
10 31.28 10.76 295.7 737.9 
C0
2 
10 37.98 8.68 295.7 737.9 
C0
2 
10 38.43 8.68 295.7 737.9 
Ar 5 19.5 10.48 294.5 737.9 
Ar 5 19.6 10.47 294.5 737.9 
Ar 5 21.0 9.80 294.5 737.9 
25 
2. Sample Calculations. 
3 





atm/gmol K)(295.8 K)(9.05 sec)(760 mmHg/atm) 
-3 2 
9.490(10 ) gmol/cm min 
2 
VP = 6P = ( 15.0 inHg )(3 • 3864 ( 104) gm/cm sec ) 






















+ --Kc-1-) ~c 
~ N1 (RTM1) 
-3 2 
(9.490(10 ) gmol/cm min) 





1.973(10 ) em 
p = p + 6~ = 739.4 mmHg + 15 ~nHg(25.4 mmHg/inHg) 
-11 2 c
0 
Slope of line in Figure 11 • 1.366(10 ) em 
-5 c
1 
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SUMMARY OF INTERt-tEDIATE RESULTS FOR GAS FLOW EXPERIMENTS WITH 
CARBON SAt-tPLE C2 
Nl 
2 (gmol/cm min)" 
9.490(10-3 ) 
9.522(10- 3 ) 
9.490(10- 3 ) · 
7.813(10- 3 ) 
7.827(10- 3 ) 
9.515(10- 3 ) 
9.515(10- 3 ) 
5.507(10- 3 ) 
5.482(10- 3 ) 
4.515(10- 3 ) 
4.462(10- 3 ) 
4.415(10- 3 ) 
4.392(10- 3 ) 

















































































SUMMARY OF RESULTS OF GAS FLOW EXPERIMENTS 
Sample co cl 
Label 2 (em) (em ) 
C2 1.366(10-
11 ) 1.073(10-5 ) 
C3 2.360(10-
12 ) 1.920(10-6 ) 
C4 2.584(10-
11 ) 3.402(10-5 ) 
C5 6.900(10-





3. Discussion. Although the experimental reproducibility was 




, the calculated 
values of these parameters varied greatly between different carbon 




for two different carbon 
samples varied by as much as a factor of 8. These variations can be 
attributed to differences among the carbon samples as well as to the 
sensitivity of the calculations to experimental scatter. 
Direct comparison of these values with other literature values 
cannot be made because these values for activated carbon do not exist in 




values for alumina catalyst pellets. These pellets are made by 
compressing alumina catalyst particles together. Hence, the internal 
pores of the alumina pellets include the interparticle spaces as well as 
the micropores of the alumina particles. The internal pore structure of 





are the intrinsic values for these samples. The c
0 
values 
reported by Abed and Rinker (6) for Girdler T-126 o-alumina pellets and 








respectively, and the values reported for c
1 
for these pellets are 1.29 X 
10-6cm and 4.64 X 10-6 cm respectively. These values are consistent with 
the values obtained for the activated carbon pellets used in this study. 
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B. WICKE-KALLENBACH EXPERIMENTS 




PD12 6 1Y1L + Dl2/Dl 
N • in ( ) 
1 e e e
1
RLT - 1 - 9 1Y1o + Dl2/Dl 
(10) 
where the Knudsen effusion ratio term is aiven by 
Ml 1 





Using the c1 value, determined in the gas flow experiments, along 
with the data obtained in the Wicke-Kallenbach experiments, an iterative 
method was used with equation (10) to find a value for D~2 , from which 
the geometric factor for diffusion c2 was determined. 
A sample of the calculations of the results to be discussed in this 
section, and a table containing the data collected for carbon sample C2, 
appear in section III.B.2. and Table IV respectively. 
As shown in the sample calculations, calibration equations 
obtained for the gas rotameters and the thermal conductivity cells were 
used to determine the entering flowrates of each stream and the exit 
composition of each stream. The flowrate of each gas stream, as 
determined by use of the respective calibration equation, had units of 





) were determined the appropriate conversion factor could be 
used. 
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In order to obtain a value for the free gas mutual diffusivity n
12
, 
the following equation was used: 
* 
0.1443 n* Tl.S 
li 
p (15) 
where D12 was the free gas mutual diffusivity, at 1 atm and 273K, as 
determined by the Wilke-Lee modification of the Hirschfelder-Bird-Spotz 
equation (Treybal (7)). 
Using the volumetric flowrates, a value for the molar flowrate of 








) was determined. 
These flowrates were then used to determine a value for the molar flux N
1 
of helium through the carbon sample and a value for the molar flux N
2 
of 
nitrogen through the carbon sample. The values for the molar flowrates 
were also used to check the total mass balance around the system. For 
every data point retained in this study, the mass balance had an error, 
n, of less than 15%, and only three of the data points had an error larger 
than 10%. 
As shown in the sample calculations, equation (10) was rearranged 
to the following: 
e N1e1RLT 
(16) D12 De(l - e 8 1Y1L) + 0 12 
P ~n( 1 
De(l 
e ) 
- 91Y1o> + 0 12 1 
e 
Using an iterative procedure, a value was obtained for o12 . As a first 
iterate for 0~2 , the following equation was evaluated: 
(17) 
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L were the concentrations of 
the exiting sample gas stream and the exiting reference gas stream 
respectively. 
e Using the value of o
12 
obtained from equation (16), along wjth the 
value obtained for n
12 
from equation (15), equation (6) was used to solve 
for c
2
. To allow comparison with literature values reported for other 
industrial catalysts, the tortuosity T was determined for each data 
point, using the following equation: 
(18) 
The calculations discussed above were performed for each data 
point. The results of these calculations are shown in Table V, and the 




WICKE-KALLENBACH EXPERI!-1ENT DATA FOR CARBON SAMPLE C2 
Sample side of system: 
T1 F11 T p 
Test No. R3 (mV) (ml/min) (K) (mm Hg) 
1 20.5 10.3 1.163 295.5 739.1 
2 19.0 11.9 1.000 295.2 737.2 
3 20.0 10.3 1.172 295.0 736.6 
Reference side of system: 
T2 F21 
Test No. R4 (mV2 ~m1Lmin2 
1 19.5 19.7 1.493 
2 20.5 19.3 1.422 
3 19.2 21.7 1.277 
2. Sample Calculations. 
Calibration equations: 
*1) Sample rotameter: 
FlO = -.435005 + .071245(R3) + .001364(R3) 2 
*2) Reference rotameter: 
F20 = .387384 - .02352(R4) + .003044(R4)
2 
3) Sample T.C. (T.C.l): 
YlO = .445858 - .01220ll(Tl) 
4) Reference T.C. (T.C.2): 
YlL = .005729(T2) + .000064(T2) 2 
*Note: Flowrate at 70°F and 1 atm. 
FlO = -.435005 + .071245(20.5) + .001364(20o5) 2 
.445858 - .0122011(10.3) 0.3202 





7 2 2 
( 1 • 073 ( 10-5)( (8.314(10) kg em /kgmol s )(295.5 K))~ (4.00 kg/kgmol) 
.8409 em/sec 
1.5 * T1 • 5 = (0.1443 mmHg/K )D12---p-









F (273 K )( 1 ) 
n10 10 294.1 K 22400 ml/gmol 
(1.599 ml/min)(4.144(10-5 ) gmol/ml) -5 6.626(10 ) gmol/min 
-5 -5 F20 (4.144(10 ) gmol/ml) 4.501(10 ) gmol/min 
P 273 K 1 
n11 F11T(760 mmHg)(22400 ml/gmol) 
739e1 mmHg -5 
(1.163 ml/min)( 295 _5 K)(1.604(10 ) gmol K/mmHg ml) 




(1.604(10-5 ) gmol K/mmHg ml) 
<<· 447 )n10- Y10n11) + y1Ln21 
2A 
-5 5.990(10 ) gmol/min 
5 -5 
35 
((.447)(6.626(10-) gmol/min)- (.3202)(4.666(10 ) gmol/min)) 
2 + 
2(0.140 em ) 





8.188(10 ) gmol He/em min 
n11 <1 - Y10)- n10( 1 - · 447 ) + n20- n21(l- Y1L) 
2A 
-5 2 
- 4.130(10 ) gmol N2 /em min 
N1 8.188(10-5 ) 





) + 4.501(10-5))- (4.666(10-5 ) + 5.990(10-5 ))(100) 
6.626(10-5 ) + 4.501(10-5 ) 
4.23% 
e 
0.7689 + n 12 
tn( e ) 






= 0.0338 em /s 
D~(1 - 81y1L) + D~2 
P tn (---------e-) 
D~( 1 - 8 1Y10) + D12 
2 










INTERMEDIATE RESULTS FOR WICKE-KALLENBACH EXPERIMENTS 
Sample n 
Label c2 Nl/N2 T (%) 
C2 4.793(10- 2 ) -1.98 3.76 4.23 
C2 5.047(10-
2 ) -4.79 3.57 9.80 
C2 4.888(10-
2 ) -7.95 3.68 8.73 
C3 7.237(10-
2 ) -4.84 2.49 7.60 
C3 6.332(10-
2 ) -4.49 2.84 4.56 
C3 7.012(10-
2 ) -5.00 2.57 9.91 
C4 5.376(10-
2 ) -4.56 3.35 10.26 
C4 5.710(10-
2 ) -5.30 3.15 11.53 
C4 5.199(10-
2 ) -3.43 3.46 8.80 
cs 5.153(10- 2 ) -12.55 3.49 5.68 
C5 6.832(10-
2 ) -25.23 2.64 8.80 
C5 5.580(10-
2 ) -16.99 3.23 5.16 
C6 5.517(10-
2 ) -1.47 3.26 3.43 
C6 6.212(10-
2 ) -6.86 2.90 14.10 
C6 5.499(10-
2 ) -2.43 3.27 2.73 
C6 5.429(10-
2 ) -2.51 3.32 2.81 
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TABLE VI 
WICKE-KALLENBACH EXPERIMENT RESULTS 
Sample 
Label c2 Nl/N2 t' 
C2 4.909(10-
2 ) -4.91 3.67 
C3 6.860(10-
2 ) -4.78 2.63 
C4 5.428(10-
2 ) -4.43 3.32 
cs 5.855(10- 2 ) -3.12 6.55 
C6 5.664(10-
2 ) -3.32 3.19 
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3. Discussion. As discussed in Appendix B, the accuracy of the 
rotameters was between 9% and 20%. This corresponds to a total mass 
balance error of about 15%. As previously discussed, all data points 
accepted in this study were within this bound. As noted in Appendix A, 
the reproducibility for T.C.l was about 2.5% and for T.C.2 was about 10%. 
This corresponds to a reproducibility in c
2 
of about 20%. The calculated 
values of c
2 
for the different carbon samples varied by as much as 40%. 
Direct comparison of the c
2 
values with other literature values 
cannot be made because these values for activated carbon do not exist in 
the present literature. However, Satterfield (8) has reported a 
parallel-path pore tortuosity of 3.6 for the Girdler T-126 1-alumina 
pellets. Abed and Rinker (6) also report c2 values of 0.166 and 0.342 
respectively for the Girdler T-126 1-alumina pellets and T-708 a-alumina 
pellets. Even though the internal pore structure of the alumina catalyst 
pellets differs from that of the carbon samples used in this study, their 











obtained for five Chemviron activated carbon samples. Unlike most 
studies similar to this, the samples were not pressed into cylindrical 
shapes, but were hand shaped to regular prisms so the inner pore 
structure of the carbon pellets was not disturbed. Representative values 




for the activated carbon samples, 
-11 2 -5 1.045 X 10 em and 1.282 X 10 em respectively, are consistent with the 
-12 2 
values reported for alumina catalyst pellets, 6.98 X 10 em and 1.29 X 
-6 
10 em respectively. The c2 values obtained in this study imply a 
tortuosity of 3.87, which compares with a tortuosity of 3.6 for alumina 
catalyst pellets. 
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APPENDIX A 
THERMAL CONDUCTIVITY CELL CALIBRATION 
1. Equipment. The thermal conductivity cells were calibrated 
using the systems shown in Figures 12-14. The system shown in Figures 12 
and 13 was used to calibrate T.C.1 and the system shown in Figure 14 was 
used to calibrate T.C.2. As indicated, T.C.1 was calibrated using the 
45% He-N
2 
gas mixture as the reference gas while T.C.2 was calibrated 
using N
2 
as the reference gas. The arrangement shown in Figure 12 was 
used to zero T.C.1 and to obtain the full-scale reading with N
2 
being 
used as the sample gas. After obtaining the zero and the full-scale 
reading for T. C. 1, the arrangement shown in Figure 13 was used to 
determine the output for T.C.1 using a 35% He-N2 mixture and a 40% He-N2 
mixture as the sample gases. The sy~tem shown in Figure 14 was used to 
obtain the zero for T.C.2 as well as all other data points. 
2. Procedure. To calibrate T.C.1, the system was arranged as shown 
in Figure 12 with valve V-3 positioned so the flow pattern was that shown 
in V-3 Arrangement A of Figure 12. The N2 cylinder and the 45% He-N2 
mixture cylinder were opened and the regulators were adjusted so the 
delivery pressure could be maintained between 5 psig and 15 psig. Using 
valves V-1 and V-2, shown in Figure 12, the flowrates were adjusted to 
approximately 1.2 ml/min. Both bubble flowmeters were checked to be 
certain that gas was flowing through both sides of the thermal 
conductivity cell. After flow through the thermal conductivity cell was 
ascertained, the power supply was switched on. Using the main power 
supply knob, shown in Figure 7, the current was adjusted so that about 65 
mA was passing through the circuit of T.C.1. The branch power supply 
knob (100 ohm potentiometer) was then used as a fine adjustment to adjust 
the current to 65 rnA. The system was then left to rest for about 2 hours 
to allow the filaments in the thermal conductivity cell to reach a 
steady-state temperature. 
The recorder, shown in Figure 6, was then switched on. The pen 
corresponding to T. C. 1 was zeroed by shorting the leads connected at 
posts 1 and 2 on the bridge circuits (shown in Figure 6). The zero 
adjustment used to zero the pen was located on the recorder. After 
zeroing the recorder, the leads were reconnected to their respective 
posts. After the output had become constant for 5 minutes, it was 
assumed that the filaments had reached a steady-state temperature. The 
current flowing through the system was measured and if it differed from 
65 rnA, it was adjusted by using the branch power supply knob. The gas 
flowrates were also measured and if either differed from 1.2 ml/min it 
was corrected by adjusting valve V-1 or valve V-2. If the output of the 
thermal conductivity cell was still constant, the zeroing knob 
corresponding to T.C.1 was used to move the recorder pen, corresponding 
to T.C.1, to zero. 
Valve V-3 was then positioned so the flow pattern was that shown in 
V-3 Arrangement B in Figure 12. The flowrate of each gas stream was 
measured. If either differed from the original flowrate of 1.2 ml/min, 
the flowrate of that stream was adjusted using valve V-1 or valve V-2. 
After the T.C.1 output had become constant for 5 minutes, the position of 
the pen corresponding to T. C. 1 was recorded. This pes it ion was the full-
scale output for T.C.1 with the 45% He-N
2 
mixture in the reference side 
of the cell and N
2 
in the sample side. Valve V-3 was switched to position 























Figure 12. T.C.l Calibration Apparatus I ~ 
a-
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While the system was in this arrangement, th N 1' d e 2 gas cy 1n er was 
replaced with a 35% He-N2 gas mixture cylinder. The 35% mixture cylinder 
was opened and after it was ascertained that gas was flowing from the 
cylinder, valve V-3 was switched to position B, shown in Figure 13, and 
all flowrates were adjusted to 1.2 ml/min. The 45% mixture line was then 
disconnected from valve V-3. A bubble flowmeter was inserted at the end 
of the 45% mixture line leading from T.C.l and a 40~ He-N
2 
gas mixture 
cylinder was connected to valve V-3. At this point, the system was 
arranged as shown in Figure 13. 
After all gas flowrates had been adjusted to 1.2 ml/min, and the 
thermal conductivity cell output had become constant for 5 minutes, the 
position of the recorder pen was recorded as the output of T.C.1 for a 
35% H N 1 e-
2 
samp e. After this data was recorded, the 40% mixture cylinder 
was opened. After it was ascertained that gas was flowing from the 
cylinder, valve V-3 was switched to position A of Figure 13. All 
flowrates were adjusted to 1.2 rnl/min and after the thermal conductivity 
cell output had become constant for 5 minutes, the output for T.C.1 was 
recorded as the output for a 40% He-N
2 
sample. After the calibration was 
complete, the power supply was switched off and all gas cylinders were 
closed. 
As previously discussed, the system shown in Figure 14 was used to 
calibrate T.C.2. To zero T.C.2, both N
2 
cylinders were opened and the 
regulators were adjusted so the delivery pressure could be maintained 
between 5 psig and 15 psig. Using valves V-1, V-2 and V-5, shown in 
Figure 14, the flowrates were adjusted to approximately 1.2 ml/min. Both 
bubble flowmeters were checked to be certain that gas was flowing through 































thermal conductivity cell was ascertained, the power supply was switched 
on. Using the main power supply knob, shown in Figure 7, the current was 
adjusted so that about 65 rnA was passing through the circuit of T.C.2. 
The branch power supply knob (100 ohm potentiometer) was then used as a 
fine adjustment to adjust the current to 65 rnA. The system was then left 
to rest for about 2 hours to allow the filaments in the thermal 
conductivity cell to reach a steady-state temperature. 
The recorder, shown in Figure 6, was then switched on and the pen 
corresponding to T. C. 2 was zeroed. After the output from T. C. 2 had 
become constant, the current flowing through the circuit was measured and 
adjusted to 65 rnA if it differed from this value. The gas flowrates were 
also measured and adjusted to about 1.2 ml/min if they differed from this 
value. If the output of T.C.2 was still constant, the zeroing knob 
corresponding to T.C.2 was used to move the recorder pen to zero. 
The He cylinder was then opened and the regulator was adjusted so 
the delivery pressure could be maintained between 5 psig and 15 psig. 
Using valves V-3 and V-4, shown in Figure 14, the amount of He allowed to 
enter the sample gas stream was controlled. Using these valves, the 
sample gas stream composition could be varied from pure N
2 
to pure He. 





. These compositions were determined by using readings taken 
from the gas rotameters. The procedure used for collecting the T.C.2 
data was the same as discussed above for T.C.1. After the calibration 
was complete, the power supply was switched off and all gas cylinders 
were closed. 
3. Results. After the calibration procedure was completed for each 

























equation. Figures 15 and 16 show the calibration data plotted against the 
sample gas stream concentration as calculated using the calibration 
equations. Each of these equations appears on its respective graph. 
As shown in Figure 15, the reproducibility for T. C. 1 was about 
2. 5%, while, as shown in Figure 16, the reproducibility for T. C. 2 was 
about 10%. The gases used during the calibration of T. C. 1 were the 
primary standards obtained from Natheson, while the gases used to 
calibrate T. C. 2 were mixed during the calibration procedure. This is why 
























YlO = 0.445858 - 0.0122011(Tl) 
.370 .390 .410 .430 .450 
PREDICTED He CONCENTRATION 



























YlL = 0.005729(T2) + 0.000064(T2) 2 
0.04 0.06 0.08 0.10 0.12 
PREDICTED He CONCENTRATION 





GAS ROTAMETER CALIBRATION 
The gas rotameters (model number F3000) were obtained from Gilmont 
Instruments, Inc. The rotameters had an air flow range of . 02 to 15 
ml/min at standard conditions (70°F and 1 atm). The system shown in 
Figure 17 was used to calibrate the rotameters. To begin the 
calibration, the gas cylinder was opened and the regulator was adjusted 
so the delivery pressure could be maintained between 5 psig and 15 psig. 
Valve V-1 was used to control the flowrate of the gas stream. After the 
desired position of the rotameter bead was obtained, the system was 
allowed to rest for 1 or 2 minutes to allow the bead to become stable. 
Occasionally, this required more than 1 or 2 minutes. After the 
stability of the bead was ascertained, the actual flowrate was measured 
using the bubble flowmeter. This procedure was repeated for numerous 
positions of the bead in the rotameter. 
After the calibration procedure was completed, the data for each 
rotameter was fitted with an equation. Figures 18 and 19 show the 
calibration data plotted against the flowrate calculated using the 
calibration equations. Each of these equations appears on its respective 
graph. As shown in Figure 18, the accuracy of the calibration equation 
for the sample rotameter was about 22% and the precision was about 4%. 

































=- 0.435005 + (R3)(0.071245 + 0.001364(R3)) 
0.6 0.8 
PREDICTED FLOWRATE 



















= 0.387384 + (R4)(0.003044(R4) - 0.02352) 
0.4 0.6 0.8 1.0 1.2 
PREDICTED FLOWRATE 
Figure 19. Accuracy of Flowmeter Calibration for Reference Rotameter VI ....., 
APPENDIX C 
DI~IENSIONS OF CARBON SAMPLES 
A number for the porosity of the Chemviron activated carbon samples 
was obtained by soaking numerous carbon pellets in hexane and then 
measuring the gain in weight of each pellet. Averaging the results, the 
porosity was determined to be 0.18. This porosity was also measured 
using carbon tetrachloride, giving a value of 0.4 implying tortuosities 
over twice those of Table VI. BET values reported by a letter from 
Calgon Corporation (the parent company in the United States) suggest 
porosities of 0.4 with a pore size distribution showing only about 20% of 
the pore volume to be above 100 Angstroms. Because the larger pores are 
more likely to be connected through the sample, the tortuosities of the 
Wicke-Kallenbach experiments may be more appropriately assigned to the 
lower porosity of 0.18. 
A value for the cross sectional area, A, of each carbon sample was 
determined by using a planimeter on an enlarged photograph of the face of 
each sample. The length, L, of each carbon sample was determined by 
using a micrometer. The length and area of each carbon sample used in 




CARBON SAt-1PLE DIMENSION 
Sample Length Area 
(em) 
2 
Label (em ) 
C2 0.202 0.140 
C3 0.172 0. 146 
C4 0.216 0.132 
cs 0.213 0.203 
C6 0.229 0.165 
60 
APPENDIX D 
PHYSICAL PROPERTIES OF GASES 
TABLE VIII 




Gas (gm/cm s) Weight 
He 1.945(10-
5 ) 4.00 
N2 1.767(10-
5 ) 28.02 
C0
2 
1.490(10-5 ) 44.01 
Ar 2.240(10- 5 ) 39.95 
APPENDIX E 
NOMENCLATURE 
A cross sectional area of carbon sample, 2 em 
viscous permeability constant, from dusty gas equation, 2 em 
Knudsen permeability constant, from dusty gas equation, em 
c2 geometric factor for diffusion, from dusty gas equation 
De ff 2 e ective Knudsen diffusivity of component r, em js r 
D free mutual gas diffusivity, cm 2;s rs 
De effective mutual gas diffusivity, cm2;s rs 
* 2 D12 free mutual gas diffusivity at standard conditions, em js 
D
0 
free mutual gas diffusivity independent of pressure, cm 2;s rs 
F 10 volumetric flowrate of entering sample gas stream, ml/min 
F
11 
volumetric flowrate of exiting sample gas stream, ml/min 
F
20 
volumetric flowrate of entering reference gas stream, ml/min 
F
21 
volumetric flowrate of exiting reference gas stream, ml/min 
L length of carbon sample, em 
M molecular weight of component r, gm/gmol 
r 






molar flowrate of entering sample gas stream, gmol/min 
n
11 
molar flowrate of exiting sample gas stream, gmol/min 
n
20 
molar flowrate of entering reference gas stream, gmol/min 
n
21 
molar flowrate of exiting reference gas stream, gmol/min 
P absolute pressure 
P arithmetic average of pressure across carbon sample 
R ideal gas constant 
R3 position of bead in sample rotameter 
61 
62 
R4 position of bead in reference rotameter 
T temperature 
T1 output of thermal conductivity cell no. 1 
T2 output of thermal conductivity cell no. 2 
t time 
V volume displaced by bubble in bubble flowmeter, ml 
yr mole fraction of component r in mixture 
y
10 
mole fraction of He at sample face of carbon sample 
ylL mole fraction of He at reference face of carbon sample 
GREEK SYMBOLS 
AP change in pressure 
E porosity of carbon pellet 
a
1 
Knudsen effusion ratio 
~ 1 viscosity of component 1, gm/cm s 
~m viscosity of mixture, gm/cm s 
295 
~ 1 viscosity of component 1 at 295K, gm/cm s 
T tortuosity of carbon pellet 
VP pressure gradient 
